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ABSTRACT 
The continuous purchase of higher quality standards in the 
production with parallel reduction of the costs leads to the 
need of a robust process design avoiding as much as possible 
the occurrence of defects in the production. Complex pro-
cesses like microforming are highly dependent on local raw 
material changes, normally affecting more than 10% of the 
production which, as a result, has to be rejected. A possible 
approach consists in an adaptive control system based on a 
metamodel processing the data of online measuring: in a 
multistep microforming process the relevant features of the 
workpiece are measured inline and the deviations reduced by 
online adjustment of the most effective process parameters. 
This paper presents a simulative study of a full forward ex-
trusion process from metal strip. Multiple parallel ribs are 
formed in the middle of a more complex workpiece resulting 
from a multi step microforming process made up also of cut-
ting, deep drawing and bending stages. The simulations are 
based on a full factorial design of experiment which repro-
duces the different workpiece conditions, mainly due to strip 
thickness spread and variable lubrication. 
INTRODUCTION 
The increasing interest on micromanufacturing is fostered by 
the growth of fields like micromechanics and electronics 
which are constantly aiming to the production of more com-
plex and miniaturized workpieces. Raw materials that were 
previously exclusive interest of sheet metal forming processes 
(e.g. strips) can now find their application also in bulk mi-
croforming, where the local variation of the sheet thickness is 
mainly characterizing the process. This forming method, 
when applied to strips, is getting particularly convenient in 
mass productions since handling and positioning precision are 
eased and a more robust process chain can be designed [1]. Up 
to now different geometries have already been studied as bulk 
microforming processes from metal strip, mainly cylindrical 
billets [2] and parallel ribs [3]. This work deals with the study 
of the extrusion of parallel ribs with the width of 200 µm, 
which is narrower than what can be found in the literature [4]. 
The material flow is quite complex and the filling of the die 
cavities differs with respect to the relative position of the 
cavity itself. This material behavior has been studied on the 
basis of a parametrical study that considers the expected 
variations of the most influencing process parameters. The 
resulting in-depth process knowledge should make possible, 
combined with other similar studies, a flexible and self ad-
justable microforming process that can actively reduce the 
typical high number of defects of such kind of productions. 
This objective describes the goal of the European Project 
MEGaFiT which also is funding the presented work [5]. 
PROCESS 
A. RAW MATERIAL 
Two different strip materials have been studied, both char-
acterized by sufficient mechanical properties for the produc-
tion of functional parts, with a wide range of industrial ap-
plications. The first one is AISI420 (1.4021), which is a 
stainless steel with medium carbon content. It has a wide 
range of use in mechanics, turbines and pumps and also of 
common use like cutlery and small household appliance. The 
second one is Berylco25 which is a Copper-Beryllium alloy, 
ensuring conductivity close to that one of pure copper with 
improved mechanical properties. It finds its application 
mainly in electronics, electrotechnology and gearing. In Fig. 1 
are compared the main characteristic values of both materials 
and also the flow curves, extrapolated with the Hock-
ett-Sherby function. 
 
Fig. 1: Characteristic values and flow curve of AISI420 and 
Berylco25 extrapolated with the Hockett-Sherby function 
Material YS (MPa) TS (MPa) 
AISI420 306 850 
Berylco25 648 683 
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Both of them are in hard-as-rolled condition. The two curves 
have very different trends: AISI420 has a lower yield stress 
but with a continuous increase. On the other hand, even if the 
yield stress of Berylco25 is much higher, the curve reaches its 
plateau already by a true strain value of 0.5. 
The strips have the thickness of 0.3 mm and the area inter-
esting the microextrusion process is limited to a 16 mm
2
 
square by four precuts (Fig 2): these have the role of reducing 
or possibly eliminating the deformation of the surroundings of 
this area, since this process must be seen within a chain of 
multiple microforming stages, a strong interaction of which 
should be avoided. 
 
Fig. 2:  Workpiece geometry with precuts 
Also the microstructure of the two materials has been inves-
tigated since the grain size highly influences the micropro-
cesses especially being relevant when compared to the geo-
metrical features. In Table 1 the grain size for both materials is 
reported considering different orientations with respect to the 
rolling direction. These values have to be considered with 
respect to the geometrical features of the workpiece since the 
bigger the grain size/geometrical feature ratio, the bigger the 
size effects will affect the real process. In Fig. 3 the structure 
of both materials can be seen in a cross section of the strip 
after metallographic preparation. 
 
 
Fig. 3:  Structure in a cross section after metallographic prepa-
ration of:  a) AISI420 and b) Berylco25  
For a preliminary investigation of the possible interaction 
between processes, the specimen has been considered as a 
square plate with internal precuts. This implies an easier de-
tection of the deformations along the perimeter of the studied 
surface since there is no lateral constraining of the material 
while, in the real process, the specimen is much bigger and the 
material surrounding the forging area will limit this effect.  
B. TOOLING 
The model presented in this work is a simplification of the real 
tool maintaining the same features in the forming area. The 
number of components has been reduced to three. The punch 
is a prism with square base. All the edges of this component 
are rounded with a radius of 50 µm. Sharp edges need to be 
avoided, mainly because high loads are foreseen during the 
forging process and such profiles may cause cracks. The die 
consists of a plate with six parallel cavities. These cavities 
have a width of 200 µm and a shoulder between them of the 
same size. Also for the cavities sharp edges have been avoided 
and the same rounding (radius r = 50 µm) is achieved both on 
the edges on the top and on the bottom of the cavities. 
 
Fig. 4:  Tooling system  
 
Fig. 5: detail of a) punch and b) die  
The cavity walls are slightly converging with the angle α, 
defined by the initial study based on 2D simulations, in order 
to ease the ejection of the workpiece after the forming pro-
cess. The workpiece is pushed down by a blankholder, which 
is stylized as a simple plate. In Fig. 4 a representation of the 
tooling system is presented, while a detail of punch and die 
can be seen in Fig. 5a and 5b.  The flat punch of a square 
section of 3.5x3.5 mm
2
 is pushing the material downwards 
while the blank-holder avoids undesired movements and the 
bulging of the strip.  Six parallel protrusions are extruded. The 
width and pitch of 200 µm and 400 µm, respectively, are de-
fined by the die cavities. 
C. PROCESS DYNAMICS 
While the blank-holder is pushing down the surface of the 
workpiece surrounding the punch, the punch itself penetrates 
in downward direction the workpiece and generates material 
Table 1: Studied parameters in the 2D-simulations 
Grain size 0° to roll direction 90° to roll direction 
AISI420 5 ± 2 µm 5 ± 2 µm 
Berylco25 21 ± 11 µm 16 ± 5 µm 
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flows in all the axis directions.  The desired flow direction has 
the same direction of the punch movement, fostering the fill-
ing of the die cavity. Since it is an open die process, also the 
flow on the plane of the metal sheet occurs and cannot be 
avoided. The main consequence of this phenomenon is the 
deformation of the precuts, which are provided to avoid se-
vere geometrical changes of the workpiece outline and thus 
possible interactions with the other steps of the whole mul-
ti-stage microforming process. The side flows characterizing 
this process have been studied both individually and also as 
mutual interaction. The grain size/rib dimension ratio in this 
process is quite small: even if according to the standard defi-
nition it must be considered as a microforming process, the 
size effect should be in the reality slightly limited by the fi-
ne-grained structure of the materials, in particular being valid 
for AISI420.   
SIMULATION 
A. 2D SIMULATION 
The previously described process has been modeled by finite 
element analysis using the software Simufact. An initial study 
has been performed with a 2D simulation in order to study 
different geometry options and their interactions with other 
process variables. Different inclinations of the cavity walls 
have been considered in order to find a compromise between 
the important process performances. In Table 2 all the studied 
inclinations are listed, together with the most relevant pa-
rameters of the process. 
 
Since it is a simplified model, the workpiece geometry has 
also to be changed. Instead of a 6x6 mm
2
 square with precuts 
in it, just the ideal 4x4 mm
2
 geometry delimited in the real 
workpiece by those precuts has been considered. In Fig. 6 the 
initial geometry of the workpiece and the simulated process 
itself are illustrated. The high strain differences in different 
parts of the workpiece also require targeted refinements of the 
mesh in order on the one hand to improve the accuracy of the 
model and on the other hand to reduce the calculation time. 
 
Fig. 6: a) Workpiece initial geometry and b )2D simulation model  
The material flow can here be analyzed on a plane where two 
main flow directions may be distinguished: parallel to the 
punch movement (in the die cavity) and orthogonal to this 
direction and to the die cavity. As previously already pointed 
out, the lateral flow is affecting the filling of the die cavity. 
Since this flow is proportional to the distance from the center 
of the workpiece, the lateral ribs are showing a high asym-
metry which in the central ones is not verified. The filling of 
the cavity has been evaluated by measuring the maximum 
height of the ribs, which is almost in the middle point for the 
central ones and is touching the side of the cavity in the lateral 
features. These values and also their distribution over the 6 
ribs of the workpiece has been studied as process perfor-
mance, together with the punch force. These aspects permit to 
point out the main behavior of the workpiece during the 
forging process, defining the final tool geometry for further 
investigations with a more complex model. 
 
In Table 3 is reported the medium rib height for each para- 
meter combination: the standard deviation is indicating how 
uniform the material flow in all the die cavities is. With higher 
friction the maximum height is reached by the central ribs and 
it gradually gets lower with side ribs (Fig. 7a). This effect 
tends to vanish with the decrease of the friction factor: the 
lateral material flows is easier and affects the overall cavity 
filling. The rib height gets lower, particularly the central ones, 
while the lateral ones grow with a strong asymmetry with 
respect to the single ribs geometry (Fig. 7b). 
Both materials are showing very similar rib heights and also 
the same trend with increasing friction factor and angle of the 
cavity wall. The attention has been focused on the change of 
the die profile, since the friction factor is not highly influen-
cable during the process design. Medium height and standard 
deviation are increasing, but this does not mean a better ma-
terial flow since the cavities have different geometries and an 
inclined cavity implies less volume by constant height. 
Table 2: Studied parameters in the 2D-simulations 
Cavity inclination α 0°, 2°, 4°, 6° 
Material AISI 420, Berylco 25 
Thickness 300 µm 
Stroke 100 µm 
Friction factor m = 0.12, 0.3 
Table 3: Medium rib height (µm) by different cavity inclinations 
for each parameter combination 
Cavity 
inclination 
0° 2° 4° 6° 
AISI 420 
m = 0.12 
146 ± 11 147 ± 11 148 ± 11 150 ± 11 
Berylco 25 
m = 0.12 
150 ± 1 153 ± 1 156 ± 2 156 ± 3 
AISI 420 
m = 0.3 
195 ± 5 198 ± 9 203 ± 11 210 ± 13 
Berylco 25 
m = 0.3 
191 ± 8 197 ± 9 202 ± 12 208 ± 14 




Fig. 7: a) AISI420, 6°, m = 0.3 and b) AISI420, 6°, m = 0.12  
 
In Table 4 are reported the values for maximum punch force 
and maximum effective plastic strain. Concerning the maxi-
mum force, as expected by the study of the flow curves, 
AISI420 shows higher values than Berylco25. Also a higher 
friction factor values imply higher punch forces by constant 
stroke. The inclination of the cavity wall increases the normal 
force and consequently the friction in the die cavity and the 
required punch force respectively. The effective plastic strain 
points out the typical flow behavior of this and similar sheet 
bulk metal forming processes: The deformation of the metal 
sheet on the x-y plane is driving the overall material flow in 
the process, hence the filling of the die cavity as well. The 
lower the friction the higher the effective plastic strain, even if 
the observed pin height is lower. By m = 0.3 the workpiece is 
more stable under the punch and can be extruded through the 
die with minor plasticization and a more effective material 
flow. 
For the process design it is important to ensure a good die 
filling taking into account punch force and effective plastic 
strain which have to be limited. The chosen geometry consists 
on a die with cavity inclined with the angle of 2°. This ge-
ometry ensures on the one hand an acceptable ease in work-
piece ejection, on the other hand reduces force and effective 
plastic strain. According to Table 3, this inclination compared 
to that of 4° and 6°, respectively, reduces also the standard 
deviation concerning the rib height. This means that the ge-
ometry of the ribs is more uniform representing an important 
aspect considering the final aim to have full control on the 
workpiece geometry.  
B. 3D SIMULATION 
In the real process three different material flows have to be 
distinguished. In addition to the ones already studied in the 2D 
simulation, the material is also flowing parallel to the rib 
length. A proper investigation of the workpiece deformation 
during the forging process requires a more complex 3D finite 
element model in which also the behavior of the precuts and 
the deformation of the outline can be analyzed. This model 
has been developed using the two symmetry planes of the 
workpiece (and also of the whole forging process), reducing 
the number of elements and allowing a finer meshing. 
The outline of the workpiece and also the precuts present 
minor deformations which also are not characterized by small 
features. On the contrary the extrusion of ribs implies high 
strains which reach their maximum values on the edge of the 
die cavities which has a rounding radius of 50 µm. Also the 
edges of the punch have a rounding radius of 50 µm, but the 
deformation on the upper part of the workpiece is minor when 
compared to the rib bulk forming process. Due to the heter-
ogeneity of the whole process, the mesh has been locally re-
fined on different levels with a complex set of 9 refinement 
boxes (Fig. 8). 
 
Fig. 8: Top (a), bottom (b) of the refined 3D workpiece 
Also this model has been object of a parametrical study with 
the goal of an in depth process knowledge aimed at real time 
controlling during the process itself. With this goal, the main 
parameters that would affect the performance of the process in 
an industrial mass production application have been identified 
and studied (Table 5). Besides the two materials that have 
previously been chosen, friction and material thickness are 
expected to vary. By means of the 3-dimensional finite ele-
ment model it is possible to investigate how sensitive this 
system is to each uncontrollable noise and also how these 
noises interact each other. The results of this design of ex-
periment have been studied with particular attention to 
achievable height of the protrusion and required punch force. 
The process has been such designed that the ribs are never 
reaching the bottom of the die cavity. This ensures that dif-
ferent process performances are comparable and that the rib 
height can be eventually controlled defining a target value and 
a tolerance which has to be respected by means of adaptive 
process control. 
Table 4:  Punch force (kN) and effective plastic strain by different 
cavity inclinations for each parameter combination 
Punch force (kN) 0° 2° 4° 6° 
AISI 420 
m = 0.12 16.12 16.42 16.58 17.22 
m = 0.3 22.67 24.35 25.69 27.24 
Berylco 25 
m = 0.12 14.74 15.16 15.63 15.9 
m = 0.3 16.28 21.88 23.11 24.81 
Effective plastic strain 0° 2° 4° 6° 
AISI 420 
m = 0.12 3.47 3.32 3.2 3.83 
m = 0.3 2.71 2.73 2.79 3.03 
Berylco 25 
m = 0.12 4.4 4.36 4.34 4.61 
m = 0.3 2.76 2.78 2.87 3.09 





Fig. 9: Simulated deformation of the workpiece 
Fig. 9 shows three different views of the workpiece after the 
forming process. The top view (Fig. 9a) points out two im-
portant and interacting effects of the forming process. The 
deformation of the precuts, particularly in the inner part, has a 
key role in the reduction of the interaction with the other 
processes taking place out of this forging area. This risk can 
be well described by the geometry of the workpiece outline 
after the process: the less it changes from its initial shape, the 
less the forging will affect the other processes. As can be seen 
in Table 6, in all the possible parameter combinations the 
corner of the workpiece is shifting to minor values. It must 
also be considered that in the real process the contour is not 
free as it is simulated here, on the contrary, the workpiece is 
much bigger and the material surrounding this area will imply 
further constraining of this effect. Another important infor-
mation is that the deformation of the two precuts does not 
point out relevant differences. 
 
This effect means that the die cavities and their design do not 
affect the lateral material flow of the formed material pointing 
out once again that in this kind of sheet bulk forming process 
the lateral flow affects the die filing and not vice versa. In the 
real workpiece, the constraining of the material surrounding 
the microextrusion area is expected to increase the defor-
mation of the precuts, reducing the overall workpiece de-
formation. 
Fig. 9b also confirms this effect, as already pointed out in the 
2D simulation, showing that the position of the cavity with 
respect to the symmetry axis of the workpiece is affecting the 
filling mechanism and consequently the final shape of the rib 
itself. The bigger the distance from the center of the work-
piece, the bigger will be the influence of the side-flow on the 
shape. Fig. 9c shows a feature of the final geometry that could 
not be studied in the 2D model: the increase of the lateral flow 
is giving to each rib a continuously increasing profile, 
reaching the maximum value exactly in the middle of the 
workpiece where the lateral flow is almost not detectable. 
 
In the real process the rib height measuring cannot observe the 
overall geometry which is quite complex. For this reason the 
maximum rib height which is located in the middle of the 
central ribs, has been set as process performance. In the design 
Table 5: Parameters studied in the 3D simulation 
Material AISI 420, Berylco 25 
Thickness t0 300 ± 10 µm 
Friction factor m = 0.12, 0.3 
Table 8:  Effects of each studied parameter and of the parameter 
interactions. 
Effect 









-2.25 0.100 0.145 
Thickness t0 
290-310 µm 
-0.25 0.000 -0.535 
Friction factor 
m = 0.12-0.3 
2.75 5.600 -0.965 
Material/t0 0.25 -0.100 0.185 
Material/m 2.25 -0.100 -0.785 
Table 6:  Deformation of the workpiece outline by the reach of ribs 
with the height of 90 µm: translation of the corner in x and y di-
rection. 
Material 
t0 = 290 µm t0 = 310 µm 
m = 0.12 m = 0.3 m = 0.12 m = 0.3 
AISI 420 
x/y (µm) 
17/12 9/10 9/10 12/11 
Berylco 25 
x/y (µm) 
8/7 8/8 7/8 11/13 
Table 7:  Deformation of the workpiece outline by the extrusion of 
ribs with the height of 90 µm: translation of the corner in x and y 
direction. 
Material 
m = 0.12/0.3 








t0 = 290 µm 
135/140 14.0/19.6 13.6/11.4 
Berylco 25 
 t0 = 290 µm 
140/140 13.6/19.6 12.5/12.6 
AISI 420 
 t0 = 310 µm 
135/140 14.0/19.4 12.8/11.5 
Berylco 25 
 t0 = 310 µm 
139/140 14.0/19.4 12.1/11.6 
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of experiment this has been studied by a constant stroke of 
100 µm, together with the maximum punch force. In a second 
approach, the punch force has also been studied analyzed 
when the maximum pin height of 90 µm was reached. The 
punch force is playing an important role in the process control. 
The stroke is varying for very small values and is also difficult 
to control and measure; it is affected by the tool stiffness and 
is also influenced by other processes which are simultaneously 
taking place. The punch force is thus used as control param-
eter of the forging process in order to adjust the workpiece 
final geometry and to respect the specified tolerances. In Ta-
ble 7 are reported the values of the observed results while in 
Table 8 are shown the effects of each parameter and of their 
interactions. 
The results of the parametrical study may also be represented 
by a bar chart in which the observed process performances 
have been normalized to the maximum detected value 
(Fig. 10). The use of different materials of course has an im-
pact on the results of the process, but it is quite small despite 
the different flow curves shown in Fig.1, since the lower yield 
strength of AISI420 is compensated by the higher stresses by 
increasing strain. With the copper alloy the rib height tends to 
be lower and requires higher forces for reaching the same 
geometrical features. The variation of the workpiece thickness 
shows almost no effect on a constant stroke process. Anyway, 
even if the stroke control was possible in the real process, it 
should vary with the thickness of the strip, since the first 
contact between punch and workpiece is also varying. 
 
Fig. 10: Bar chart representing the normalized effects of the 
studied parameters and of their interaction 
In case of force controlled processes strip thickness has a 
significant impact: thicker workpieces require less force for 
reaching the same rib height. This must be taken into account 
during the process control. The variation of the friction factor 
is on the other hand showing the greatest effect on all the 
studied process performances. It is on the one hand producing 
higher ribs by constant stroke, on the other hand also in-
creasing the required force by a percentage of 28.6. The in-
teractions between the studied parameters do not show rele-
vant effects except for material and friction. It is important to 
notice that the effects are the opposite of those observed by 
different materials. This means that even if AISI420 and 
Berylco25 show similar behavior, it is important to study them 
separately since they are differently affected by the change of 
the tribological conditions of the process. 
CONCLUSION 
In this work a microextrusion process has been studied by 
means of 2D and 3D simulations. The first one permits the 
study of geometrical features of the tooling with respect to the 
variation of tribological conditions of the process and of the 
workpiece material. This is the basis of the definition of the 
tooling for further investigations with a more complex 3D 
model. With that the study of the material flow, concerning the 
precuts on the workpiece and the outline geometry is possible, 
pointing out the effectiveness of this design in avoiding un-
desired modifications that could affect the other forming 
processes taking place around the microextrusion area. All the 
main scenarios resulting from the variation of the selected 
parameters can be defined, mapping the relationship between 
punch force and local such as temporary changes in the strip 
and in the production line. The variation of strip thickness and 
of friction factor can be considered as main variables during 
the real process and have been studied with respect to dif-
ferent materials and different process performances.  Since the 
selected steering parameter in this process is the punch force, 
it has been studied mainly related to the rib height. Higher 
friction factors have shown the main effect on the whole 
process, both in increase of the rib height and of required 
punch force even though it requires less force for reaching 
smaller ribs. The study also pointed out that even if the two 
materials show similar values, their interaction with the 
tribological changes in the process must be separately studied. 
The knowledge resulting from this study ensures high control 
on the resulting protrusion height in order to be able to pro-
vide geometries which are always within a predefined toler-
ance. The acquired in depth process knowledge enables the 
interpretation of  the inputs coming from the inline measuring 
system and the definition of corrective action for the 
maintenance of the product within predefined quality criteria. 
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